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Abstract 
For effective solar technology deployment resource variability needs to be understood at both levels: spatial as well 
as temporal. Spatial characterization of irradiance aids in prospecting solar applications. Likewise, temporal variation 
helps in sizing solar systems i.e. to determine energy storage requirements, to optimize the design with respect to 
extremes of irradiance and to manage associated risk. Amount of irradiation received and its variation with time is a 
direct function of site-specific climate complexities. Though long-term measurements would be ideal for ‘ground-
truthing’, it is not unusual to collect only a year or two of solar data in new deployment sites before the actual 
commencement of a project. Therefore, temporal variability is a critical tool in assessing whether the use of data set 
generated/ measured over a shorter time period could be justified as a good representative of long-term solar resource 
variation. In this contribution, we study both spatial and temporal variation in solar irradiance across the arid region 
of UAE based on available ground measurements over a period of 2007-2012. The variability in each of the three 
irradiance components- global, direct and diffuse- is assessed at 10-min and daily scales based on the data from 8 
locations in the Emirates of Abu Dhabi. Coastal region, in general, has lower solar potential than inland desert. Direct 
normal irradiation is marked by increased and random variability in winters. Also, its mean daily variability over Abu 
Dhabi is more than 2.5 times that of global or diffuse horizontal irradiation. 
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GHI/GHI* global horizontal irradiance/ global horizontal irradiation 
σ  standard deviation 
1. Introduction 
The magnitude of solar resource is paramount to solar system siting and therefore, a detailed resource 
analysis with appropriate spatial coverage aids in effective decision making. Likewise, the variability of 
solar resource with time is critical to system design and optimization: to determine energy storage 
requirements and to analyze the solar conversion system’s efficiency with respect to extremes and the 
frequency with which they occur [1], and also in improving building load calculations and managing risk.  
Solar resource monitoring in the Arabian Peninsula is fairly recent and therefore, long-term data is 
typically unavailable. Global horizontal irradiance (GHI) is routinely measured world-wide, which along 
with diffuse horizontal irradiance (DHI) is used in estimating irradiance on a titled surface- an optimum 
position for most solar collectors such as photovoltaic panels. On the other hand, direct or beam normal 
irradiance (DNI) is of immediate interest for solar concentrators. In UAE, 7 meteorological stations to 
measure all three components of solar irradiance, wind, temperature and relative humidity were 
established over the course of 2007-2010 across the Emirates of Abu Dhabi (Fig. 8) under the ‘Masdar’ 
initiative. Of these, six are currently operational with relocation of Mirfa’s measuring ensemble (MI) to Al 
Wagan (WA) in 2009 and removal of Sir Bani Yas (SBY) island station in 2012. Maximum number of 
complete years without identifiable gaps in the data is four for Al Aradh (AR) as well as Masdar City 
(MC) stations. In other stations continuous data is generally limited to 2-3 years. In order to determine the 
usability of such short-term data for prospective solar energy projects, following two key questions are 
addressed in this paper: (1) Degree of spatial variation: Whether, the available data can be extrapolated to 
the site of interest within the region; since amount of radiation received and its variation with time is a 
direct function of site-specific climate complexities; (2) Degree of temporal variation, specifically short-
term variability: Whether, irradiance measured over a short period could be justified as a good 
representative of solar resource. Change in irradiance from one sample time period to the next is also 
investigated to further address this question. In the context of arid regions like UAE, a chief climatic 
variable is dust. Dust movements, storms and events could vary drastically between years, causing a 
noticeable difference in corresponding yearly profiles. Hence, variability at daily scale is of significance 
too unlike temperate climates. Gueymard (2012) found that desert areas where DNI is strongly affected by 
aerosols are also those with largest daily variability [2]. 
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Fig.1. Masdar-owned ground measuring stations in Abu Dhabi 
 
1.1. Data 
 Each solar ground measuring station, typically remote, is equipped with a rotating shadowband 
radiometer (RSR)-LICOR 200, cleaned and maintained on a weekly basis. GHI and DHI are measured 
and reported in 10 minute resolution with ±4.7% and ±6.5% instantaneous accuracy, respectively. DNI is 
determined, by dividing the difference between GHI and DHI with solar zenith angle using an in-built 
program, with <±4% instantaneous accuracy. The stations are listed below with corresponding details.  
 
Table 1 List of stations and data used for this study. 
Location Latitude 
(°N) 
Longitude 
(°E) 
Height 
(masl) 
Available period (complete months) 
Al Aradh (AR) 23.90 55.50 178 June 2007-Dec 2011, Mar-Aug 2012, Oct-Dec 2012  
East of Jebel Hafeet 
(EJH) 
24.17 55.86 341 Sep-Dec2009, Feb 2010-Dec 2012 
Madinat Zayed (MZ) 23.56 53.71 137 July-Dec 2008, Jan-June & Sep-Nov 2009, Jan 2011-
Mar 2013 
Masdar City (MC) 24.42 54.61     7 Sep 2008 -Mar2013 
Mirfa (MI) 24.12  53.44     6 June 2007-June 2009 
Sir Bani Yas (SBY) 24.32 52.56     7 June 2007-Oct 2009, Jan 2010-Dec 2011 
Al Sweihan (SW) 24.53 55.42 175 Mar 2011-Dec 2012 
Al Wagan (WA) 23.58 55.42 142 Sep-Nov 2009 & Mar 2010-Dec 2012 
2. Tempo-spatial variability analyses  
2.1. Ten-min variability  
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2.1.1 Mean and maximum yields for inter-site comparison 
The range of mean GHI, DNI and DHI based on 10-min data series for all the eight locations (and all 
the given years) varies between 240-260, 200-230 and 90-100 W/m², respectively as is shown in Figure 
A1 of Appendix A. Aradh (AR) has the highest and Masdar city (MC) the lowest mean GHI and DNI, 
separated by a distance of approx. 100 km, definitely not the farthest combination of two stations. The 
variation is likely to originate from difference in topographical features: while former is an elevated 
remotely arid site bordered by mountainous Oman on the east, latter is a near-coastal location exposed to 
desert, marine, as well as, anthropogenic aerosols and is characterized by higher humidity. On the other 
hand, mean 10-min DHI values are relatively stable across all the sites (σ = ± 3 W/m²): primarily, because 
any small variations due to fine cloud structures and localized dust episodes are smoothed out in annual 
means and also, any major dust outbreaks are fairly consistent spatially causing relatively uniform 
scattering. Other than the means, maximum values of irradiance at short-time intervals are of interest 
particularly for sizing solar energy systems. Madinat Zayed (MZ) records GHI as high as 1282 W/m². 
GHI maximum generally exceeds 1100 W/m² for most stations except for near-coastal Masdar City (MC), 
coastal Mirfa (MI) and island Sir Bani Yas (SBY) stations. Quite interestingly, two of these typically 
maritime stations (MI and SBY) also register lowest DHIs both in terms of averages and maxima. MC 
records highest DHI maxima (820 W/m²). DNI maximum for all sites varies between 970-1065 W/m². 
2.1.2 Ten-min irradiance profile and its tempo-spatial deviation  
Data is plotted for a sample location (AR) for a sample year (2011) in Fig. 2. 
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Fig.2 GHI, DNI and DHI (top-to-bottom) profile based on 10-min data for a given year and location. 
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It can be inferred from Fig. 2 that the short-term i.e. 10-min variability is highest for DNI. GHI profile 
is relatively uniform and excceds 1000 W/m2 for most months from March to October around mid-day. In 
contrast, DNI is relatively lower for the typical summer months: June to August and exceeds 900 W/m2 
only in November to March. A plausible explaination is predominantly turbid skies and hazy atmosphere 
characterizing UAE summers. Quite logically, DHI is higher for that period as can be seen in the figure 
with sporadic peaks in certain days of other months, which could be a result of either or a combination of 
both- clouds and dust outbreaks. An interestinly unique trend is the low 10-min DNIs even during peak 
zenith hours with correspondingly high DHIs for a portion of June and most of July. 
With the available data, it was considered prudent to evaluate the deviation from such profile (Fig. 2) 
between the years for the same location and between the sites for the same year in order to depict tempo-
spatial variability pictorically. Figure 3 presents the standard deviation in units of W/m2 of the same. 
 
Fig. 3 Inter-annual (left pane) and inter-site (right pane) standard deviation of GHI, DNI and DHI (top-to-bottom)  
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From Fig. 3 we note that the inter-annual variability is higher than the inter-site variability for all three 
components both in magnitude and dispersion (taking into account the difference in scale). Since the 
maximum radial distance between any two stations of all the six sites does not exceed 300 km, changes in 
atmospheric conditions may be relatively insignificant. With regards to temporal variation, although four 
years are too few to give a robust inference on the inter-annual variability, it can generally be concluded 
that short-term irradiance is markedly affected by atmospheric complexities of arid environment that vary 
from year to year. Additionally, it can also be noted that the inter-annual 10-min DNI variability is more 
pronounced during winter (with standard deviation sometimes exceeding 500 W/m2) compared to rest of 
the year. 
2.1.3 Ten-min variability metrics  
Variability in solar resource is essentially caused by variability in cloud, aerosols and water vapor. 
Changes in irradiance for short-time intervals, or more appropriately fluctuations [3], that occur due to 
fast moving clouds and highly variable aerosol loading are relevant for design and simulation in various 
solar energy applications. Perez et al (2011) evaluated short-term variability using ∆Kt* based metrics, 
where Kt* is the ratio of hourly global horizontal insolation to clear-sky insolation for the considered 
hour/ location [4]. In absence of clear-sky products, we evaluate a similar metrics, where we normalize 
each component of irradiance for a sample location with corresponding mean irradiance i.e. 10-min 
values averaged over four years. Other than atmospheric variables, sun position is also a factor 
contributing to resource variability [3]. Since the sun takes the same course each year, normalization with 
10-min annual mean will remove the effect of solar geometry to a great extent. We then compute ∆I∆tn 
which denotes the time series of changes in the normalized irradiance component over 10-min interval for 
a specific year/ location, and is calculated thus: 
 
 
where,  
I = irradiance (GHI/DNI/DHI) observation for the given year; 
Ij= irradiance observation for the jth year; 
p = total number of years used to calculate mean annual 10-min values 
t= the time interval, 10-min in this case 
 
Similar to [4], we evaluate the following dimensionless parameters and present them in the Table 2 
below: 
x  Mean absolute fluctuation: mean of absolute normalized irradiance changes in the entire 10-min 
data series; μ|∆I∆tn| 
x  Variability indicator: Standard deviation of the same; σ|∆I∆tn| 
x  Maximum absolute fluctuation: maximum absolute normalized irradiance change; max|∆I∆tn| 
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Table 2. Quantification of variability in 10-min irradiance change for Aradh, 2011 
Variability metrics GHI DNI DHI 
μ|∆I∆tn| 0.05 0.08 0.05 
σ|∆I∆tn| 0.14 0.19 0.14 
max|∆I∆tn| 3.00 4.00 3.11 
 
The first (μ|∆I∆tn|) and third metrics (max|∆I∆tn|) indicate the mean variability (8% in DNI) and 
maximum change (four times over in DNI) in the three irradiance components , respectively, that is likely 
to occur from one 10-min sample to the next for the considered location/ year. The second metric 
provides a measure of dispersion from expected mean short-term change in irradiance. From Table 1, all 
three metrics yield similar variability in GHI and DHI, lower than 10-min DNI. Mean variability in DNI 
is 63% higher than in either global or diffuse horizontal irradiance. Although, the mean and maximum 10-
min yields in DNI are lower than GHI as discussed in Section 2.1.1, standard deviation of normalized 
DNI change from one sample to the next is 1.35 times that of GHI. 
2.2. Daily variability. 
2.2.1. Mean, maximum and minimum for inter-site comparison 
 
Daily totals are evaluated for all those days without any gaps in the 10-minute data series. Daily mean 
global horizontal irradiation (GHI*) and direct normal irradiation (DNI*) exceed 6 kWh/m2 and 5 
kWh/m2, respectively, in all locations except those in coastal region, see Figure A2 of Appendix. In 
contrast, daily average diffuse horizontal irradiation (DHI*) is lower than 2.5 kWh/m2 throughout all sites 
except for a single inland desert location of MZ. Daily maximum DNI* exceeds 10 kWh/m2 for two 
locations, namely AR and WA. These two sites along with MZ yield highest irradiation values with 
respect to all three components. Maximum GHI* generally exceeds 8 kWh/m2 while maximum DHI* is 
always lower than this value for all sites. Masdar City has the lowest maxima for both DNI* and GHI* for 
its entire data indicating smaller degree of climate extremities compared to other locations. Although the 
minimum recorded daily DNI* is zero, such days are extremely rare for most sites- only three such days 
detected out of a maximum of four years. The lowest recorded daily GHI* and DHI* values are 
approximately equal and also the lowest for three sites: AR, MI and SBY varying between 0.4-0.6 
kWh/m2. For rest of the eight sites daily minimum GHI* and DHI* vary between 0.8-1 kWh/m2 and 0.6-
0.8 kWh/m2, respectively.  
2.2.2. Daily irradiation tempo-spatial profile 
 
We computed the mean, the maximum and the minimum daily irradiation over all the 8 sites for 
each concurrent day of the given year (2011) with the objective to represent both spatial and seasonal 
variability. The results for each irradiation component are presented in Figure 4-6. Mean irradiation is 
denoted by triangles on vertical lines that represent the range of irradiation values for all considered 
locations for that day. In general, GHI* follows relatively trend sharply increasing from lowest values in 
winter to reach the peak in summer and thereafter, a steady decrease towards the fall season as can be 
seen in Fig. 4. A similar seasonal interpretation can be deduced from [5] whose work, based on GHI from 
three of the presently considered Abu Dhabi stations, shows fall to be most stable with least degree of 
fluctuations, while winter invariably records lowest values. In Fig. 4, some days in January, March, April 
and June seem to be affected with significantly lower values from the expected trend. These ‘outliers’ 
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correspond to significantly low DNIs (< 2 kWh/m2) in Fig. 5. DNI* is highly variable with no systematic 
trend particularly for first four and last two months. For the rest of the year, periodic fluctuations in DNI 
are discernible. From Fig. 6, DHI* is less variable than DNI*. The range of total variability in DHI* may 
be less than that of GHI* as all values lie between 0.5-5 kWh/m2 but variability is random for first half of 
the year with almost decreasing trend for the remaining half.   
 
 
Fig. 4 Range of daily GHI* (black lines) over all 8 sites for a concurrently complete year with respective mean values (triangles). 
 
 
Fig. 5 Range of daily DNI* (black lines) over all 8 sites for a concurrently complete year with respective mean values (triangles). 
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Fig. 6 Range of daily DHI* (black lines) over all 8 sites for a concurrently complete year with respective mean values (triangles). 
2.2.3 Daily variability metrics  
The daily variability in solar resource is quantified here by applying the same metrics used in Section 
2.1.3 on daily change in irradiation (∆I∆t*) but without normalization. Since the variation in these 
parameters from one site to another was relatively small, due to brevity of space, in Table 3 we present 
the metrics for spatially-averaged daily radiation.  Mean daily DNI* variability and respective deviation is 
more than double that of GHI* or DHI*. A maximum change of 7.08 kWh/m2 in DNI* can be expected 
between two consequent days of the year. Since the metrics are calculated on site-averaged insolation, 
this value is higher for some sites. While mean variability in DHI* is slightly higher than GHI*, expected 
deviation from the mean is less than that of GHI*. 
Table 3. Quantification of variability in daily irradiation change over all the sites, 2011 
Variability metrics (kWh/m2) GHI* DNI* DHI* 
μ|∆I∆t*| 0.32 0.98 0.35 
σ|∆I∆t*| 0.44 1.06 0.35 
max|∆I∆t*| 3.47 7.08 2.91 
3. Summary of results 
Through all the measures employed in this contribution, it is clearly established that DNI shows largest 
variability both at 10-min and daily scales. Based on 10-min and daily data, mean and maximum yields 
for GHIs and DNIs are lower in coastal region (MC, MI & SBY) than inland desert stations (AR, EJH, 
WA, SW and MZ). Statistically, AR has the highest solar potential and MC the lowest among the 
considered locations. Maximum 10-min GHI generally exceeds 1100 W/m² for most stations, while this 
value for DNI ranges between 970-1065 W/m², across eight locations. In terms of magnitude, GHI is 
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higher in the summer; however DNI is paradoxically higher outwith this period. From monthly irradiance 
profile, July seems to be more affected with typically higher DHIs and lower DNIs compared to rest of 
the year. In [6] the authors reported consistently low monthly average DNI from June to August for a 
location (24.43°N, 54.45°E) in Abu Dhabi and year 2007, which is consistent with our findings based on 
multi-site and multi-year metrics. Inter-annual variability is higher than the inter-site variability in solar 
resource over Abu Dhabi’s arid climate. Variability in 10-min data series for DNI is approx. 60% higher 
than both G/DHI. Daily mean GHI* and DNI* exceed 6 kWh/m² and 5 kWh/m², respectively, in all 
locations except those in coastal region. . In contrast, daily mean DHI* is lower than 2.5 kWh/m² for all 
sites but MZ. Minimum values of GHI* and DHI* are either equal or within ±0.4 kWh/m² of each other 
for all sites, while minimum DNI* reaches zero. However, totally overcast days are almost non-existent in 
UAE. Daily GHI* follows a systematic trend through a given year, while DNI* and DHI* vary more 
randomly across the study period, particularly in winters. Based on presently used variability metrics, 
daily variation in DNI* is more than 2.5 times that in GHI*/DHI*. 
4. Conclusions 
In this contribution, we study the tempo-spatial variability of UAE’s solar resource based on ground 
measurements from eight locations. Mean 10-min irradiance: GHI, DNI and DHI for all the eight 
locations vary between 240-260, 200-230 and 90-100 W/m², respectively. Overall, Al Aradh receives the 
highest while Masdar City receives the lowest solar radiation. Mean daily global horizontal irradiation is 
approx. 6 kWh/m2 while mean daily direct normal irradiation ranges between 5-5.5 kWh/m2 for most 
regions. Mean daily diffuse horizontal irradiation does not exceed 2.5 kWh/m2. Coastal and near-coastal 
locations register lower GHIs and DNIs compared to inland stations. Temporal variability in solar 
insolation is significant not only at 10-min intervals but also at daily/ monthly scale. Observed higher 
ratio of DHI to DNI during the month of July over the study area, could be attributed to high aerosol 
loading typical of summer, in combination with probable clouds. Caution is issued against relying on a 
single year for solar resource characterization. Inter-annual variation is non-ignorable, particularly for 
DNI, and therefore establishing reliable long-term data is important for accurate resource assessment.  
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Appendix A Ten-min and daily mean insolation 
 
 
 
Fig. A1 Station-wise mean 10-min global horizontal, direct normal and diffuse horizontal irradiance. 
 
 
 
Fig. A2 Station-wise mean daily global horizontal, direct normal and diffuse irradiation. 
 
 
